The caffeic acid 3-O-methytransferase (COMT) gene is a prime candidate for cell wall digestibility improvement based on the characterization of brown midrib-3 mutants. We compared the genetic diversity and linkage disequilibrium at this locus between exotic populations sampled within the Germplasm Enhancement of Maize (GEM) project and 70 inbred lines. In total, we investigated 55 exotic COMT alleles and discovered more than 400 polymorphisms in a 2.2 kb region with pairwise nucleotide diversity (π) up to 0.017, much higher than reported π values of various genes in inbred lines. The ratio of non-synonymous to synonymous SNPs was 3:1 in exotic populations, and significantly higher than the 1:1 ratio for inbred lines. Selection tests detected selection signature in this gene in both pools, but with different evolution patterns. The linkage disequilibrium decay in exotic populations was at least four times more rapid than for inbred lines with r2 > 0.1 persisting only up to 100 bp. In conclusion, the alleles sampled in the GEM Project offer a valuable genetic resource to broaden genetic variation for the COMT gene, and likely other genes, in inbred background. Moreover, the low linkage disequilibrium makes this material suitable for high resolution association analyses.
Introduction
Maize has been widely used for forage. Each year, ∼4.6 and ∼4.0 Mha of maize are grown for forage purpose in Europe and USA, respectively [1, 2] . Recently, maize has become an important feedstock for bioenergy. For example, in Germany 600,000 ha of maize is grown for biogas production (http://www. biogas.org/edcom/webfvb.nsf/id/DE PM-20-12/$file/12-08-20 PM Maisanbaustatistik.pdf). In the past decades, whole plant yield increased substantially in Europe [1] . However, the digestibility of cell walls steadily decreased [3] . Ref. [2] reported no increase of cell wall digestibility of stovers for modern cultivars compared with old ones grown in the Northen Corn Belt in the US. Lack of favorable alleles for cell wall digestibility in breeding pools might explain limited improvement of cell wall digestibility [1, 3] . Thus, Barrière and his colleagues [1, 3] suggested exploiting genetic resources from old landraces for increasing cell wall digestibility.
Brown midrib (bm) mutants are known to affect cell wall digestibility. In maize, there are four long-known bm mutants (bm1-bm4) which are characterized by brown midrib coloration in the vascular leaf tissues and reduced lignin content or altered lignin composition [4] . More recently, two new brown midrib mutants named bm5, bm6 [5] were identified. It was observed that bm6 might increase digestibility of neutral detergent fiber (DNDF) [6] . Reduced lignin content and altered lignin composition lead to enhanced cell wall digestibility of bm mutants [4] , and thus better forage quality. As a consequence, bm1-6 mutants are potentially valuable genetic resources for forage breeding. However, bm1-4 mutants are often associated with undesirable agronomic traits, such as lodging, reduced growth vigor, grain, and stover yield [7] . Among the four bm mutants bm1-4, bm3 has the strongest effect on both lignin content, cell wall digestibility, and agronomic traits [4, 8] . The bm3 phenotype is due to structural mutations in the COMT gene coding caffeic acid O-methyl transferase [9, 10] , which is involved in monolignol biosynthesis. Previous studies based on isogenic lines of bm3 suggested genic pleiotropy of the bm3 locus for cell wall digestibility and biomass yield related traits [11] [12] [13] . A candidate gene based association study indicated that the genic pleiotropy of COMT might be due to intragenic linkage of Fig. 1 . Schematic diagram of the COMT gene and primers used for cloning and sequencing. The length of arrow which represents primers indicates how long the sequencing could achieve if using that primer in our sequencing, except the primer Promoter F, which was only used for cloning the gene. The wide boxes represent the exons. The line between two boxes represents the intron. The narrow boxes represent 5 -UTR and 3 -UTR regions.
quantitative trait polymorphisms (QTPs) [14] . Therefore, an optimal haplotype of the COMT gene which combines favorable QTPs for both cell wall digestibility and biomass yield might exist. Three studies have been conducted to study the genetic diversity within this gene [15] [16] [17] . However, their studies were all carried out with inbred lines. To our knowledge, no report on characterization of the genetic diversity of COMT in landraces is available.
This study aims to exploit the genetic diversity of COMT sampled in a wide range of exotic populations from the Germplasm Enhancement of Maize (GEM) Project [18] . The objectives were to (1) study the genetic diversity and linkage disequilibrium (LD) within the COMT locus among 55 exotic alleles sampled from 41 populations, (2) study the genetic diversity and LD of COMT among 70 inbred lines combined from previous reports [16, 17] , (3) compare the genetic diversity and LD between exotic and inbred alleles, (4) study the phylogenetic relationship between the 55 sampled exotic alleles and 70 alleles sampled from inbred lines, and (5) discuss the impact of our results on forage breeding, and the usefulness of GEM lines for association studies.
Materials and methods

Plant materials
Germplasm used in this study was provided by the allelic diversity project of GEM. The GEM project, which began in 1993 [18] , is a collaborative effort of the USDA-ARS, public universities, private companies, non-governmental organizations, and international collaborators to broaden and enhance the germplasm base of maize. One goal of the GEM Project is to develop and adapt maize germplasm representing the majority of the 250-300 maize races. This is accomplished by crossing accessions from maize races to two inbred lines with expired Plant Variety Protection (Ex-PVP), PHB47 (belonging to stiff stock synthetic heterotic group) and PHZ51 (belonging to non-stiff stock synthetic heterotic group), making a backcross to the respective Ex-PVP parent line [19] , and developing inbred lines from the backcross 1 (BC1) using minimal selection pressure. The aim is to provide a comprehensive collection of novel exotic alleles for genetic research, gene discovery, and pre-breeding purposes. In each race, several plants were selected and backcrossed with the two expired PVP lines (PHB47 and PHZ51), which resulted in several backcross (BC) families per population.
As we sampled COMT alleles from BC families within the GEM Project, half of the BC 1 plants were expected to be homozygous at the COMT locus with two copies of recurrent parent alleles, and the other half to be heterozygous with one allele from an exotic GEM donor. Therefore, the first step was to identify BC 1 plants with exotic COMT alleles. In 2008, 478 BC 1 families from 131 populations were available. Two plants were randomly sampled from each BC 1 family to screen for exotic COMT alleles. Using insertion and deletion (indel) and simple sequence repeat (SSR) markers (see below), we identified 252 plants that were heterozygous at the COMT locus, which were backcrossed to the recurrent parents to produce BC 2 families. The 252 BC 2 families along with another 374 BC 1 families from the GEM Project were grown in 2009 and were screened for exotic COMT alleles again. One plant was randomly selected from each BC 1 and BC 2 family for screening. If no heterozygous plant was found in a family, a 2nd plant was picked for COMT locus genotyping. For some BC 2 families, random sampling was done a third time, if the first and second randomly selected samples did not identify heterozygous plants. In total, 285 heterozygous plants (169 from BC 2 families and 116 from BC 1 families) with one exotic COMT allele copy were identified.
Molecular markers for screening exotic COMT alleles
Previous studies demonstrated high levels of genetic variation in the intron region of COMT [16, 17] . Based on a large indel at the 3 -end of the intron, we designed an indel marker for screening exotic COMT alleles which are different in size from recurrent parent alleles. The left (forward) primer was 5 -GCCTGGCTGATGCTGATAGA-3 . The right (reverse) primer was 5 -CACCGAGTGGTTCTTCATGC-3 . To increase the chance of finding exotic COMT alleles, closely linked SSR markers were also used. The COMT gene is located in the overlap region of bacterial artificial clones (BAC) AC203909 and AC196475 (www.maizedgb.org). AC203909 overlaps with AC205176. More than 20 SSR markers were designed based on B73 sequence from the above three BACs (AC203909, AC196475, and AC205176). The SSR marker AC203909S02 (left primer: 5 -AATTCCATCATTCGCGTACC-3 ; right primer: 5 -CGCTTGACAACAGACCACAC-3 ) produced clear bands and a high frequency of heterozygotes in preliminary testing (unpublished data). This SSR marker and the above mentioned indel marker were used for screening heterozygotes at the COMT locus in BC families.
DNA extraction, PCR amplification, and DNA sequencing
Leaves from BC families and the two inbred lines PHB47 and PHZ51 (recurrent parents) were harvested for DNA isolation six weeks after sowing. Harvested leaves were freeze dried for 24 h. After drying, two steel beads were added to each sample. Samples were ground by a Geno/Grinder 2000 (BT&C, Inc., NJ, USA) at 700 strokes/min for 3 min. DNA extraction was conducted according to the CTAB protocol used at the Plant Genomics Center of Iowa State University (http://schnablelab.plantgenomics.iastate.edu/ docs/resources/protocols/pdf/96wellformat.2010.06.23.pdf).
For screening of exotic COMT alleles from BC families, DNA amplification was performed in a 15 l reaction mixture containing 1.5 l 10× buffer, 1 l genomic DNA (∼100 ng), 0.3 l of each left and right primer (10 M), 0.3 l dNTPs (10 mM), 1.5 l Mgcl 2 (25 mM), 2 l Taq polymerase (∼1 unit), and 8.1 l purified water. PCR amplification included an initial denaturation step at 94 • C for 2 min, and was followed by 35 amplification cycles: 94 • C for 30 s, 57 • C for 30 s, 72 • C for 40 s, and a final extension step at 72 • C for 10 min. The products were separated in 1% agarose gels, visualized by ethidium bromide staining and photographed by using the FOTO/UV 300 system (Fotodyne Inc., WI, USA).
For cloning COMT alleles, DNA amplification was performed in a 10 l reaction mixture containing 2 l 5× buffer, 0.5 l DNA (∼50 ng), 0.2 l of dNTPs (10 mM), 0.2 l of each left and right primer (10 M), 0.2 l of 50 GC Advantage2 (BD Biosciences Clontech, Palo Alto, CA, USA), 1 l of GC melt, and 5.7 l purified water. The left and right primers ( Fig. 1) are 5 -TCCACGGCAGCTGCCACCGTCGCTATCGC-3 [16] and 5 -CGCACATGGCAGAGACAA-3 [17] , which were called Promoter F and Ex2 R in this study (Fig. 1) , respectively. The PCR program included an initial denaturation step at 94 • C for 2 min, eight amplification cycles: 94 • C for 30 s, 68 • C for 45 s (−1 • C per cycle), 72 • C for 4 min, followed by 27 cycles of: 94 • C for 30 s, 60 • C for 30 s, 72 • C for 4 min, and a final extension step at 72 • C for 10 min. PCR products were cloned into pGEM-T vector (Promega, Madison, USA) and transformed into DH␣52 competent cells by heat shock for 90 s. Transformed DH␣52 competent cells were cultivated on solid Lysogeny broth (LB) medium over night. Out of the 285 heterozgyotes at the COMT locus, 190 were randomly selected for cloning. In addition, the PHB47 and PHZ51 were sequenced for COMT for comparison.
When DNA was extracted from BC plants, both recurrent and exotic COMT alleles were amplified by PCR and transformed, at an expected ratio of 1:1. One clone of each transformation event was randomly selected and plasmid DNA was extracted by QuickLyseMiniprep Kit (QIAGEN, USA) according to its protocol. Plasmid DNA was sequenced once by primer 5 -GTTGAACGGGATGCCGCCGTC-3 [16] designated as InR in this study ( Fig. 1 ) using an Applied Biosystems 3730× DNA Analyzer (AB Applied Biosystems, USA). Intron sequences were compared with their respective recurrent allele of COMT first. In comparision, two ends of each sequence that had poor sequencing signals were not considered. A threshold was applied to identify sequences that were most likely different from the recurrent parental allele and not due to sequencing error. We selected alleles that either had one or more indel(s), or at least 5 single nucleotide polymorphism (SNP) (one base pair indels were considered as SNPs) differences compared to the respective recurrent allele sequence. If the randomly selected clone happened to be the recurrent parent allele, we selected another clone from the same transformation for the second or third time for intron sequencing. The total sequenced clones were larger than 190, but some failed or were of poor quality. Finally, we obtained intron sequences for 156 clones, which showed good sequencing quality based on the sequencing signal. Among these 156 intron sequences, 61 had indels compared with its respective recurrent allele, 15 had at least five SNPs. This number (61 + 15) was consistent with a 1:1 ratio (recurrent: exotic alleles). In addition, 28 and 52 sequenced alleles had four or fewer SNPs compared with recurrent alleles. For example, 10 of the 52 sequences were the same or had only one SNP, and 18 had two SNPs, compared with recurrent parent alleles. As only a single sequence read of 500-700 bp of the intron was analyzed for discriminating between exotic or recurrent alleles, sequencing errors most likely account for the low frequency of sequences identical to recurrent alleles. However, this method was effective to decide, which alleles should be sequenced at high quality later.
For whole gene sequencing, we selected those samples, which had indels or at least five SNPs within the intron compared with their respective recurrent alleles. We also selected some samples with four SNPs. In total, we selected 86 samples for whole gene sequencing. Three primers were used for whole gene sequencing, including 5 -GGTGAGCCGTCCGGCCCAATAAAACCCCT-3 , 5 -ATGAACCAGGACAAGGTCCTCATG-3 , and 5 -GCCCAGGCGTTGGCGTAGATG-3 [16] , which were called Ex1F, InF, and Ex2R in this study (Fig. 1) . Sequencing was repeated two to three times for each primer. Sequencing PCR was performed in 10 l reaction mixture including 1.75 l 5× sequencing buffer, 1 l BigDye (Applied Biosystems), 0.25 l of primer (10 M), 1 l of plasmid DNA (∼50 ng), and 6 l purified water. The PCR cycle consisted of an initial denaturation step at 96 • C for 2 min, and 25 cycles of amplification: 96 • C for 30 s, 50 • C for 1 min, and 60 • C for 4 min. Ultimately, whole gene sequences of 57 exotic alleles were obtained. Seven to 10 fragment sequences were obtained for each of these 57 alleles, including two or three sequences for each of Ex1 F primer, In F primer, and Ex R2 primer, and one In R (Fig. 1) primer.
Analysis of sequence data
Sequence assembly and sequence error estimation for exotic COMT alleles were done using CodonCode Aligner (V. 3.7.1, Codon Code Corporation, USA). Usually, the sequence quality at the beginning and end of each sequence is low. Therefore, sequences at both ends were clipped by the clip function implemented in CodonCode Aligner, before whole gene sequence assemblies were performed. Fifty five of the 57 sequenced exotic alleles had low sequencing errors at a rate of less than one base pair of miscalling across the assembled contig, thanks to the repeated sequencing of each fragment. Moreover, all of these 55 alleles were different from corresponding recurrent alleles. The COMT sequences of these 55 exotic alleles as well as the two alleles from recurrent parents (PHB47 and PHZ51) were deposited in Genbank with accession number from KF020740 and KF020796.
To study the genetic diversity of COMT in exotic populations, all assembled sequences of the 55 alleles were used for alignment, which resulted in missing data for some alleles at 5 -or 3 -end. All alignments were performed in CLUSTALW [20] , and resulting alignment files were further analyzed by using DnaSp Version 5.10.01 software [21] .
For comparison between alleles from inbred lines and exotic populations, sequences at both ends were removed for comparison of the overlapping region across all alleles. In total, 70 inbreds from earlier studies [16, 17] are included for comparision. These 70 inbreds were chosen to represent large variation of cell wall digestibility traits in central European breeding germplasm [16, 32] . In our study and the report of Zein et al. [17] , the sequenced region covered ∼150 bp of the 5 -UTR and ∼250 bp 3 flanking regions besides the two coding regions and the intron. In Ref. [16] , COMT sequences covered ∼1000 bp of the promoter region and 5 -UTR, coding region and intron, but some sequences did not cover the 3 -UTR region, and some stopped 18 bp ahead of the stop codon (TGA). In order to precisely compare alleles from exotic populations and inbred lines, the overlapping region between the three studies was extracted. The respective overlapping sequence started 98 bp ahead of start codon (ATG) and stopped 18 bp ahead of the stop codon (TGA), spanning 1851 bp of COMT from B73 (GenBank accession number AY323295.1). In conclusion, the alignment of 55 exotic COMT alleles spanned 2141 bp (Table 4) , and the alignment of the 70 COMT alleles from Refs. [16] and [17] spanned 2136 bp (Table 4 ). These two alignments were used for comparison between exotic populations and inbred lines for the 5 -UTR, coding region, and intron. For convenience, the overlapping region between both sets was called the overlap region hereafter.
Two estimates of diversity, and Â were calculated. is the average number of nucleotide differences per site [22] , calculated by the total number of pairwise nucleotide differences divided by the total number of comparisons. Â is a neutral mutation parameter with an estimated value 4 N e , where N e and are the effective population size and mutation rate per generation [23] , respectively. Under the neutral mutation, neutral mutations are randomly maintained in the history of evolution, Â can be unbiased estimated by different estimates of nucleotide diversity, for example, , s/ (1/i) (where i = 1 to n − 1), Á/ (1/i), (n − 1)Á s /n and k. The variable s is the number of segregating sites, Á is the total number of mutations, Á s is the total number of singletons (polymorphic sites appearing only once in the sample), k is average number of nucleotide differences between sequence pairs [24] , and n is number of nucleotide sequences. Comparison of Â based on and s lead to Tajima's D test [25] . Comparison of Â based on Á and Á s leads to Fu and Li's D* test, and comparison of Â based on Á s and k results in Fu and Li's F* test [26] Linkage disequilibrium was estimated by squared allelefrequency correlations (r 2 ) [27] considering only informative parsimony SNP sites (which contain at least two types of nucleotides and each allele is present at least twice). Significance of LD between sites was tested by Fisher's exact test implemented in DnaSP. LD decay was visualized by plotting r 2 against physical distance as well as depicted by the LD function implemented in Tassel software version 3.0 [28] . For phylogenetic analysis of the alleles from inbred lines and exotic populations, a neighbor joining tree was constructed by MGPA software version 5.0 [29] using default settings. Thirty distinct haplotypes discovered from the 70 distinct lines and 55 exotic alleles were treated as taxa in tree construction for reducing the tree space. In tree construction, an Oryza sativa O-methyltransferase gene was used as outgroup.
The B73 COMT sequence (GenBank accession number AY323295.1) with annotation of coding regions was used to infer the coding regions of 55 exotic alleles of COMT as well as the 30 distinct inbred COMT haplotypes. The predicted coding region DNA sequences were translated into amino acids by the 'translate' function in the Sequence Manipulation Suite (http://www.bioinformatics.org/sms2/). The amino acids were aligned in CLUSTALW [20] to reveal the (non-) conservative status of amino acid substitutions. The neighbor joining trees of amino acids were drawn in CLUSTALW [20] .
Results
Summary of sequencing exotic COMT gene alleles
Fifty-seven exotic alleles were sequenced and assembled into contigs which spanned the 5 -UTR (∼150 bp) to the 3 -flanking region (∼250 bp) of COMT. Two contigs had sequence errors exceeding one base miscall, and were thus excluded from further genetic diversity analyses. Assembly of the allele from sample no. 3659 resulted in two short contigs in CodonCode Aligner (V. 3.7.1, Codon Code Corporation, USA). Its first contig was 1463 bp in length with an estimated error rate of 4.89 × 10 −4 and it spanned 5 -UTR, the first exon, and intron. Its second contig had 848 bp with an estimated error rate of 8.09 × 10 −4 spanning the second exon. The short overlap of 22 bp did not allow CondonCode Aligner to assemble them. The contigs were thus manually assembled. All other alleles were assembled into a single contig. In total, 55 alleles from 40 populations (identifiers in Table 1 ) derived from 37 races were included for genetic diversity analysis ( Table 1 ). The sequencing coverage for these 55 alleles varied from 2.7 to 4.2 times with 5995-9202 bp being sequenced for each allele. The contig lengths varied between 2135 and 2342 bp with a sequencing error rate ranging from 4.02 × 10 −5 to 3.63 × 10 −4 , which translates to 0.09-0.82 miscalled base pairs per contig (Table 1) . On average, the contig length was 2217 bp with a 3.4-fold sequence coverage and a miscalled rate of 1.16 × 10 −4 .
Sequence variation at the COMT locus in exotic populations
Polymorphisms and haplotypes
The full alignment of 55 exotic alleles spanned 2466 bp including 477 sites with missing data or alignment gaps, which resulted in 1989 sites of net alignment without missing data and gaps. The missing data (for some alleles) were at the two ends of the alignment, spanning 44 and 46 bp of alignment at the 5 -and 3 -end, respectively. Based on the alignment, a total of 438 SNPs were discovered, including 95 parsimony informative SNPs and 343 singletons (Table 2) , which lead to one parsimony informative SNP per 20.9 bp (1989/95) or totally one SNP per 4.5 bp (1989/438), on average. These 438 SNPs formed 55 distinct haplotypes, which means each allele is a unique haplotype. Half of the SNPs (219 of 438) were located in the coding regions, the other in non-coding regions. In coding regions, 30 (13.7%) and 189 SNPs (86.3%) were parsimony informative SNPs and singleton SNPs, respectively (Table 2) . while 65 (29.7%) and 154 (70.3%) SNPs were informative SNPs and singleton SNPs in non-coding regions. Of the 219 SNPs located in coding regions, 57 (26.0%) were synonymous SNPs, while 162 (74.0%) were non-synonymous SNPs leading to amino acid replacement.
Excluding the missing data (44 bp at the 5 -end and 46 bp at the 3 -end) on both sides of the alignment, 72 indels were discovered in the alignment (Table 3) , which resulted in one indel per 33 bp of alignment on average (2376/72, where 2376 was the number of sites (excluding missing sites). However, the indels were predominantly placed in non-coding regions (p < 0.05), where 63 indels were identified in 1281 bp sites of alignment for the non-coding regions, while only nine indels were identified in 1096 bp sites of alignment for the coding regions. Among those nine indels located in coding regions, eight were one bp indels and one was a 3 bp indel. The eight one base indels resulted in frame shift mutations and/or introduction of stop codons (see details in discussion). The allele from sample no. 3619 had a singleton indel in each of the two exons. Three alleles (from samples 3656, 3834, and 3659) had singleton indels in the second exon, while the other three alleles (from samples 3730, 3133, and 3720) had an indel in the first exon. The allele from sample no. 3725 had a 3 bp deletion in the first exon, which leads to loss of an "Ala" amino acid rather than a reading frame shift.
Nucleotide diversity
Pair-wise nucleotide diversity was highest in the intron region ( = 0.0269), followed by the 3 -flanking ( = 0.0202) and coding regions ( = 0.0109). The 5 -UTR region had the lowest diversity ( = 0.0073). The nucleotide diversity ( ) of the entire gene was 0.0172 ( Table 2 ). The k value, which is the average number of nucleotide differences between any two randomly selected alleles [24] , was 34.2 for the entire gene. To get an overview over the nucleotide diversity in different regions of this gene, was calculated in sliding windows of 100 bp using a step size of 10 bp (Fig. 2) , UTR, untranslated region. Numbers in the parentheses of "# SNPs (singl)" are numbers of singleton SNPs. * P = 0.05. ** P = 0.01. *** P = 0.001. with alignment gaps not being considered. The highest diversity was found at the 5 -and 3 -ends of the intron, with -values up to ∼0.037 and ∼0.034, respectively.
Decay of linkage disequilibrium and recombination
LD between all (87) parsimony informative SNPs, except (8) sites segregating for three nucleotides, was estimated. In total, 3741 pair-wise comparisons were made and the significance was determined using Fisher's exact test. One hundred fifty pairs showed significance after Bonferroni multiple comparison adjustment. Seventy (46.7%) of the 150 site pairs were less than 100 bp apart, which indicates rapid LD decay. The plot of r 2 against physical distance between parsimony informative SNPs indicated that r 2 ≥ 0.1 could persist only up to 100 bp (Fig. 3a) . The very low level of LD was supported by 28 recombination events in the 2466 bp alignment. There were four and six recombination events detected in the first and second exon, 15 in the intron, and three in the 3 -flanking region. There was one recombination per 88.1 bp of alignment on average. (Table 2 ) and were all significant for each region (UTR, coding, intron, and 3 -flanking) as well as for the entire gene (p < 0.05). In terms of indel polymorphisms, Tajima's D test was negative for the 5 -UTR, intron, and coding regions, as well as for the entire gene, but only significant for coding regions (p < 0.05) ( Table 3) .
Sequence variation at the COMT locus within the overlap region for inbred lines Polymorphisms and haplotypes
The alignment of the overlap region at the COMT locus for the 70 inbred lines spanned 2136 sites with 323 sites with gaps due to indels, which lead to 1860 net sites (numbers before vertical lines in Table 4 ). According to the alignment, 56 SNPs were discovered, of which two were singleton SNPs (Table 4 ). This resulted in one parsimony informative SNP per 34.4 bp (56/1860) and one (singleton and parsimony informative) SNP per 33.2 bp on average, respectively. These SNPs were predominantly distributed in noncoding regions (P = 0.05), with 42 and 14 in non-coding and coding regions, respectively. Six (42.9%) of the coding region located SNPs lead to amino acid changes. In addition, 45 indels were identified in the full alignment, but none were located in coding regions. With these 56 SNPs, the 70 inbred lines were classified into 30 distinct haplotypes (Hap1-Hap30). Hap1, 8, and 19 were found in 15, 9, and 10 inbred lines, each of 8 haplotypes (Hap21, 14, 13, 6, 18, 5, 18, and 25) in two to four inbred lines, while most haplotypes (19) were found in only one inbred line (Fig. 6 ).
Nucleotide diversity
The nucleotide diversity was highest in the intron region ( = 0.0212), while both coding ( = 0.0037) and 5 -UTR ( = 0.0026) regions had much lower diversity (numbers before vertical lines in Table 4 ). The overall nucleotide diversity ( ) of the overlap region was 0.011. The k value was 19.7.
Decay of linkage disequilibrium and recombination
Fifty-two parsimony informative sites (excluding the sites segregating for three or four nucleotides) lead to 1081 site pairs for testing the significance of LD. Three hundred and nineteen of these 1081 r 2 values were significant after Bonferroni multiple comparison adjustment. One hundred forty eight (46%) of those 319 site pairs were more than 200 bp apart. A plot of r 2 against physical distance between the informative polymorphic sites clearly indicated that the LD could persist for ∼500 bp with r 2 ≥ 0.1 (Fig. 3b ). There were only 14 recombination sites detected in the overlap region among inbred lines, with five and nine occurring in the coding and intron regions, respectively. These resulted in one recombination per ∼152.6 bp (2136/14) of alignment on average.
Selection
At the COMT locus in inbred lines, Tajima's D, Fu and Li's D*, and Fu and Li's F* test statistics were all positive for the entire overlap region, coding region, and intron, except for Tajima's D for the 5 -UTR region (numbers before vertical lines in Table 4 ). The three test statistics were all significant for the intron region as well as the entire overlap region (p < 0.05). Regarding coding regions, only Fu and Li's D* test indicated significant selection (p ≤ 0.05).
Comparison of the COMT locus at the DNA level between exotic populations and inbred lines
The findings for the overlap and the entire sequenced region of the 55 exotic alleles were only slightly different for the estimates of polymorphisms, nucleotide diversity, and tests for the neutral model (by Tajima's D, Fu and Li's D*, Fu and Li's F* tests). The estimates of the overlap region for the 55 exotic alleles are listed in Table 4 for easy comparison.
Substantially increased genetic variation at the COMT locus was observed among exotic populations compared to inbred lines, supported by a higher k value for exotic populations. The k value for 55 exotic COMT haplotypes was 27.7 as compared to k = 18.0 for the 30 distinct inbred COMT haplotypes.
The distribution of SNPs was significantly different between exotic populations and inbred lines (p < 0.01). In inbred lines, most (42/56 or 75%) of the SNPs were placed in non-coding regions. In exotic populations, only (187/402) 46.5% of SNPs were distributed in non-coding regions (Table 4 ). In the coding regions, 14 SNPs were identified within the overlap region in inbred lines. Eight and six of the 14 SNPs resulted in synonymous and non-synonymous substitutions, respectively ( Table 4 ). The ratio of non-synonymous to synonymous was close to 1:1. In contrast, 158 non-synonymous and 57 synonymous SNPs were located in the coding region in exotic populations, significantly higher ratio of non-synonymous to synonymous than in inbred lines (p < 0.05).
In both inbred lines and exotic populations, the nucleotide diversity at the COMT locus had the same trend across the overlap region, with the highest -values in the intron, followed by coding regions and the 5 -UTR (Fig. 2) . In exotic populations, the -value of the overlap region was 0.017, 1.55 times that in inbred lines ( = 0.011). The nucleotide diversity of the non-coding regions ( = 0.0256) in exotic populations were only 1.3 times higher ( = 0.0199) than in inbred lines. Yet, the nucleotide diversity ( = 0.011) of coding regions in exotic populations was 2.97 times of its counterpart ( = 0.0037) in inbred lines. In contrast to the inbred lines, the two exons contributed much to the high nucleotide diversity of the whole gene in exotic populations. Moreover, each part of the entire gene had higher -values in exotic populations than in inbred lines (Table 4 and Fig. 2) .
In exotic populations, r 2 ≥ 0.1 could persist ∼100 bp (Fig. 3a) , while r 2 ≥ 0.1 could persist over 500 bp in inbred populations (Fig. 3b) . Another way to describe the LD decay was to build the relationship between LD and physical distance by regression analysis [30] . The LD decay in exotic populations could be fitted by Y = 0.101 − 0.0524X, where Y are the r 2 values between sites and X are the distances between sites measured in kb unit. In inbred lines, the LD decay could be fitted by Y = 0.2927 − 0.2309X. Hence, the LD decay at the COMT locus in exotic populations was ∼4.41 (=0.2309/0.0524) times more rapid than that in inbred lines per one kb. The repaid LD decay helps to narrow the LD block within this locus. As showed in Fig. 4a and b, the largest LD blocks between parsimony SNPs (with r 2 > 0.1) are ∼240 bp in exotic populations (from SNP 589 to SNP 833 in Fig. 4a indicated by a vertical bar) , while ∼940 bp in inbred lines (from SNP 1059 to SNP 2003 in Fig. 4b  indicated by a vertical bar) , respectively.
Comparison of predicted amino acid sequences of COMT between exotic populations and inbred lines
As some amino acids have similar polarities, hydrophic attributes, and electric charges, the interchange between them might not alter protein function. Nine of the 55 exotic alleles of COMT had indels in coding regions, of which eight were expected to have reading frame shifts and were not included in the alignment analysis. The alignment of the other 47 exotic predicted (47 haplotypes) COMT amino acid sequences in CLUSTALW [20] revealed 106 amino acid substitutions in total. Thirty nine (36.8%) and 29 (27.3%) of them were conservative and semi-conservative amino acid substitutions, respectively. The other 38 (35.9%) were non-conservative amino acid substitutions. In addition, most of non-conservative amino acid substitutions were located in functional domains, with three and 24 within the dimerisation and methyltransferase domain of COMT protein (Fig. 5) , respectively. The alignment of the 30 predicted COMT amino acid sequences in inbred lines had only six amino acid substitutions, much fewer than those predicted from 47 exotic COMT haplotypes. Moreover, there was no non-conservative amino acid substitution for the amino acid sequences from the 30 inbred COMT haplotypes. Instead, only three conservative and three semi-conservative amino acid substitutions were found.
Phylogenetic analysis of exotic and inbred alleles of the COMT gene
The Phylogenetic tree was constructed by the neighbor-joining (NJ) method based on the overlap region of sequences and contained 55 exotic COMT haplotypes and 30 inbred haplotypes (Fig. 6) . The tree had two major clusters with the first major cluster (cluster 1) being highlighted (Fig. 6) . Besides Hap 5, Hap 6, and sample no. 3798 (dark highlighted), cluster 1 has two major sub-clusters, which were highlighted with green (called cluster 1-1) and yellow color (called cluster 1-2). In cluster 1-2, most (11 out 18) of the inbred lines are flint lines and the other seven included six dent lines and one mixed origin line (Noordlander VCA145). In this sub-cluster, alleles from the most inbred lines in the Hap 19 (marked by a star in Fig. 6 ) were considered to hold all favorable QTPs for digestibility of neutral detergent fiber (DNDF) in the Ref. Fig. 6 ). This sub-cluster included nine races from Venezuela (two), Colombia (three), Mexico (two), Peru (one), and Guatemala (one). In cluster 2, all inbred lines were dent lines. In this major cluster, the inbred lines in Hap 1, Hap 3, and Hap 4 (marked with a cross in Fig. 6 ) were considered to hold only unfavorable QTPs for DNDF at the COMT locus in Ref. [31] . The exotic populations in this cluster comprised 24 races from eight countries. Some of the races included more than one population (as indicated by a different "identifier" in Table 1 ). There were seven populations from Bolivia, Colombia and Peru, six from Ecuador, four from Mexico and Venezuela, two from Paraguay, and one each from of Cuba, Chile and Guatemala.
Discussion
Evolution of the COMT gene
COMT is a key enzyme in monolignol biosynthesis. Structural mutations in the COMT gene lead to the brown midrib phenotype [9, 10] , which is associated with both reduced lignin content and altered lignin composition [4] . Lignin plays a pivotal role in mechanical support, transferring water, and resistance to pathogen attack in plants [33] . All these traits are targets of breeding. In particular, improvement of maize standability contributed substantially to the large increase of maize yield in the past decades [3] . Lignin composition of stover might play an important role in the standability of plants. Thus, it is reasonable to assume that the COMT gene has been undergoing selection pressure. In both the exotic pool and inbred lines pool, all the Tajima's D, Fu and Li's D*, Fu and Fi's F* tests indicated that significant selection occurred at the COMT locus (Table 4) . However, the test results indicate different selection at the COMT locus in exotic and inbred pools. 5 . Distribution of conserved, semi-conserved, and non-conserved amino acid substitutions due to SNPs and predicted premature protein ends across the whole COMT domain. The whole COMT protein has 364 AA and the figure is depicted in proportion to the length of two domains. The two domains are dimerisation and methyltransferase domain, which are about 30 and 240AA in length. The two boxes stand for the domains, and the lines stand for non-domain regions. The three numbers separated by two slashes represent conserved, semi-conserved, and non-conserved AA caused by SNPs. The numbers above and below the lines are for the 47 exotic and 30 inbred COMT haplotypes. Here, only 47 exotic COMT haplotypes are aligned because the other eight had indels in coding regions and are expected to produce COMT protein with more or less than 364 AAs.
In the exotic populations, all selection test statistics were negative (Table 4) , suggesting a high frequency of rare variants and directional or population expansion [25] . During domestication, mutations specific to a geographical region might have advantages regarding with fitness and became fixed through positive natural selection. In different locations, the populations would shift the allele frequency toward different directions, resulting higher frequencies of favorable alleles. If different advantageous alleles were fixed in specific regions, an increase of the population and thus increase of the advantageous COMT allele is not surprising due to regional adaptation for food and feed production. Characterization of the bm3 mutant suggested the COMT gene might affect multiple traits, including lignin content, composition, plant height, flowering time, and vigor, etc. [7] . Candidate gene association indicated that the pleiotropy of COMT might be attributable to intragenic linkage of QTPs for different traits [14] . If various QTPs affect those traits, different COMT halotypes are optimal in different regions. Accordingly, there should be a high level of allelic variation at the COMT locus.
Similar to our findings, negative Tajima's D and Fu & Li's D values were detected in the ramosa1 gene in maize landraces as well as for its progenitor teosinte [34] . The ramosa1 gene regulates the branching morphology of both tassel and ears, and was suggested to undergo selection [34, 35] . In contrast, positive neutral selection was detected among inbred alleles of the COMT gene, which indicated high or medium frequency of variants, consistent with a decrease in population size or balancing selection. In maize, it was suggested that large population sizes were present during maize domestication [36] , followed by a bottleneck effect [37] . Comparing SNPs between inbred and exotic COMT alleles in our study, most SNPs in the exotic populations were singletons, compared to only two singletons in the inbred lines. This indicated that most singleton SNPs were lost during inbreeding from open pollinated landraces. Two reasons might explain the loss of singleton SNPs. First, the collected races are open-pollinated and thus the singletons are mostly in a heterozygous state and likely not selected against. Second, drift as well as selection might eliminate most singleton SNPs during the inbreeding process. This pattern of a high frequency of rare variants in landraces, but a high level of medium frequency variants in inbred germplasm, is comparable to the analyses of 768 genes between teosinte and maize reported in the Ref. [38] . In their report, a higher frequency of rare SNPs was observed and supported by the average negative Tajima's D value (−0.5) in teosinte. In contrast, Tajima's D value is positive in maize inbred lines (0.04).
At the level of predicted amino acid sequences, high levels of polymorphisms were observed among exotic alleles. In total, 106 amino acid replacements were found in 47 predicted exotic COMT amino acid sequences, each contains 364 amino acids in length. Thirty seven percent (39/106), 27% (29/106), and 36% (38/106) were conserved, semi-conserved, and non-conserved amino acid replacements, respectively. A high level of polymorphism in predicted amino acid sequences was also reported in Opaque-2 (O2) gene [39] . In their report, 21 inbred lines were selected, including those of American and European origins with wild-type flint, dent-flint, and dent kernel types, and representing progenitors of cultivated inbred varieties. These 21 inbred lines formed 21 distinct haplotypes. Across the 422 amino acids of predicted amino acid sequences in O2, 82 amino acid replacements were reported with 37%, 40%, and 21% being conservative, moderately conservative, and radical replacements. In contrast to high polymorphisms at predicted amino acid sequences of COMT in exotic populations, only six amino acid replacements were discovered for COMT in inbred lines. This low level of polymorphisms in inbred lines confirmed strong selection or a bottleneck during the inbreeding process. Five of the six amino acid replacements without non-conserved ones were placed in the methyltransferase domain, while there were 70 amino acid replacements with 16 and 24 semi-and non-conserved ones in this domain in exotic populations (Fig. 5 ). This domain is crucial for its function and variation within this domain likely results in different phenotypes (for example, low, medium, high levels of lignin content). Accordingly, substantial variation for the COMT protein is expected in the exotic pool. This should enable identification of variants with increased cell wall digestibility and altered lignin composition, while potentially overcoming negative pleiotropic effects on lodging, biomass yield, etc.
Application of GEM materials for association analyses
Candidate gene association analyses are promising to search for causative polymorphisms, provided that the LD in the respective association panel is low in order to remove the association between causative and non-causative polymorphisms. Fig. 4b indicates three major LD blocks (r 2 > 0.1) within the COMT locus in inbred lines, with the largest spanning about 950 bp. In contrast, the extent of LD among exotic alleles was estimated to be only onefourth. Two LD blocks were suggested to exist within the COMT locus for GEM materials which span about ∼250 bp (Fig. 4a) . In the Ref. [31] , several polymorphisms within the COMT gene were found to be associated with cell wall digestibility-related traits in a panel of 40 inbred lines. However, long LD within the COMT locus prevented identification of causative polymorphisms. Ref. [31] reported that trait-associated polymorphisms between sites 1296 and 2193 belonged to a LD block. The polymorphisms at sites Fig. 6 . Phylogenetic tree of inbred and exotic COMT DNA haplotypes. The F and D in parentheses indicate whether the inbred line belongs to the dent or flint pool. The prefix (F) or (D) were directly added to the Arabic numerals (1-42) which were used to distinguish the 42 inbred lines in the Ref. [17] . The names of the other 34 inbred lines, which were listed in the Ref. [16] and began with English letters rather than Arabic numbers, were also added with the prefix (F) or (D). The 76 entries studied in Refs. [16] and [17] 1296 and 2193 in Ref. [31] corresponded to the polymorphisms at 635 and 2081 in the alignment of 70 inbred lines, and corresponded to the polymorphisms at 681 and 2130 in exotic populations. In the alignment of 70 inbred lines, polymorphisms between sites 635 and 2081 still belong to a LD block (Fig. 4b) . On the contrary, in the alignment of exotic populations, polymorphisms between sites 681 and 2130 were not in a LD block (Fig. 4a) . This suggests the usefulness of GEM germplasm for high resolution association analyses.
Mining of potentially useful COMT alleles
The interest of breeders to broaden genetic diversity is driven by the goal of obtaining more phenotypic variation for specific breeding objectives. Within GEM populations, we expect increased protein sequence variation compared to inbred lines from European studies [16, 17] for COMT based on the following evidence: (1) comparable nucleotide diversity in the intron region, but three times increased variation in exon sequences, (2) 3:1 (GEM) vs. 1:1 (European) non-synonymous to synonymous substitutions, respectively (3) large number of non-conservative substitutions among GEM alleles. The 55 exotic alleles form almost no sub-groups in cluster analysis, while the 30 alleles present in the two European studies form seven groups. In maize, various mutations in the ZmCAD2 gene was reported to underlie the brown midrib 1 phenotype, including short Indels, SNPs, and transposon insertions [40] . These mutations resulted in truncated protein or inactive proteins. However, they have little or limited impact on other agronomic traits while maintaining the positive effect on cell wall digestibility related traits. Likewise, at least some of the novel alleles described in the current study may be superior to known bm3 alleles, which will be evaluated in near-isogenic lines (development ongoing).
The bm3 phenotype is caused by structural changes in the COMT gene [9, 10] . So far, three bm3 mutations have been identified [9, 10] . The identified bm3 mutations are good for forage quality improvement [1, 41] , but quite often associated with other inferior agronomic traits [7] . To date, no additional mutations of this commercially important gene have been identified. In our study, we found eight exotic alleles having indels within the coding regions. These indels lead to frame shift and/or introduce stop codons, which change peptide content and/or result in premature mRNA. Four alleles (sample no. 3619, 3730, 3133, and 3720) had indels in the first exon and are expected to produce very short, premature mRNA. Their peptide lengths are expected to be 130, 11, 60, and 130 amino acids, which are far shorter than the wild type peptide. Moreover, the amino acid sequences of these alleles are dramatically changed due to reading frame shift. There are only 68, 3, 40, and 34 consecutive amino acids identical between these four alleles and the B73 allele. The allele from sample number 3659 had a "T" insertion at the end of the second exon, which destructed the stop codon in the wild type allele and is expected to produce a longer amino acid sequence. The allele from sample number 3656 had a one bp deletion in the second exon and introduced a stop codon nearby the deletion, so that the expected peptide length is 180 amino acids. The allele from sample number 3834 is expected to produce 318 amino acids. In conclusion, all eight alleles might produce (pre-) mRNA, resulting in proteins of different length and content. Except for the allele from sample number 3725, which lost an "Ala" amino acid in the region between two domains, the other seven alleles of COMT gene might produce similar brown midrib phenotypes as bm3 due to pre-mature mRNA and/or altered peptide content. Yet they might be associated with different severity on lignin content/composition, cell wall digestibility, and agronomic traits because the mutations are in different domains, which might result in good forage quality with no sacrifice of other agronomic traits. As a consequence, they might be valuable genetic resources to study the function of different domains of COMT as well as for forage breeding. The results of this study demonstrate that GEM germplasm serves as very useful genetic resources for identification of new alleles for genetic and breeding purposes.
